Deep brain stimulation of the subthalamic nucleus (STN DBS) significantly improves clinical motor symptoms, as well as intensive aspects of movement like velocity and amplitude in patients with Parkinson's disease (PD). However, the effects of bilateral STN DBS on integrative and coordinative aspects of motor control are equivocal. The aim of this study was to investigate the effects of bilateral STN DBS on integrative and coordinative aspects of movement using a memory-guided sequential reaching task. The primary outcomes were eye and finger velocity and end-point error. We expected that bilateral STN DBS would increase reaching velocity. More importantly, we hypothesized that bilateral STN DBS would increase eye and finger end-point error and this would not simply be the result of a speed accuracy trade-off. Ten patients with PD and bilaterally implanted subthalamic stimulators performed a memory-guided sequential reaching task under four stimulator conditions (DBS-OFF, DBS-LEFT, DBS-RIGHT, and DBS-BILATERAL) over 4 days. DBS-BILATERAL significantly increased eye velocity compared to DBS-OFF, DBS-LEFT, and DBS-RIGHT. It also increased finger velocity compared to DBS-OFF and DBS-RIGHT. DBS-BILATERAL did not change eye end-point error. The novel finding was that DBS-BILATERAL increased finger end-point error compared to DBS-OFF, DBS-LEFT, and DBS-RIGHT even after adjusting for differences in velocity. We conclude that bilateral STN DBS may facilitate basal ganglia-cortical networks that underlie intensive aspects of movement like velocity, but it may disrupt selective basal ganglia-cortical networks that underlie certain integrative and coordinative aspects of movement such as spatial accuracy.
Introduction

Deep brain stimulation of the subthalamic nucleus (STN DBS) is highly efficacious at improving intensive aspects but not coordinative aspects of movement in patients with
Parkinson's disease (PD) (Hening et al. 2009 ). Intensive aspects of movement are less complex than coordinative aspects in the sense that they possess one major dimension of intensity (Hening et al. 2009; Mosier et al. 2011; Schettino et al. 2006; Snider et al. 2014 ). An example of an intensive aspect of movement is movement velocity. In contrast, STN DBS can impair performance or have no effect 1 3 on coordinative aspects of movement. Coordinative aspects of movement are more complex in the sense that they require more than one dimension or process (Mosier et al. 2011; Schettino et al. 2006; Snider et al. 2014 ). In the context of a memory-guided sequential reach, coordinative aspects of movement begin with encoding and retaining locations and movement sequences using both visual and proprioceptive information. Next, the reach is planned by integrating sensory information and applying the required sensorimotor transformations. Finally, the movement is executed while continuing to rely on visual and/or proprioceptive information during feedforward and feedback control processes of execution.
The dorsolateral prefrontal cortex has been shown to be active during coordinative tasks that involve spatial working memory (Barbey et al. 2013; Owen et al. 2005) , and basal ganglia-prefrontal and basal ganglia-fronto-parietal networks have been shown to be active during the initiation phase of motor sequences (Boecker et al. 2008) . Interestingly, it has been shown that bilateral, but not unilateral, STN DBS can impair coordinative aspects of movement, for instance performance on a cognitive-motor dual-task (Alberts et al. 2008) , and response inhibition on the antisaccade task (Goelz et al. 2017) . Importantly, the cognitive task (n-back) implemented in the Alberts' study and the antisaccade task implemented in the Goelz' study both rely heavily upon prefrontal cortical areas (Alberts et al. 2008; Goelz et al. 2017) . The antisaccade task employed in the Goelz et al.'s (2017) study investigated response inhibition that is more likely to be coordinative, because in addition to reactively stopping a reflexive saccade, a subsequent saccade equal in amplitude but opposite to the direction of the target has to be executed. This has to be differentiated from only reactive stopping which is more likely to be intensive, because the amplitude/gain is scaled to zero in response to an external cue and no subsequent movement is required. Several studies have, in fact, shown that inhibition is improved by bilateral stimulation (Mirabella et al. 2012 Swann et al. 2011; van den Wildenberg et al. 2006) . It is possible that bilateral STN DBS favors certain processes involving prefrontal-basal ganglia circuits underlying intensive control while disrupting coordinative control during cognitively challenging motor tasks (Ballanger et al. 2009 ).
To further probe the effects of unilateral and bilateral STN DBS on intensive and coordinative aspects of movement, we implemented a memory-guided sequential reach task that relies heavily on prefrontal and fronto-parietal processes. Participants in the current study were required to look and reach to a sequence of memorized targets. With respect to intensive aspects, we hypothesized that bilateral and unilateral STN DBS would improve eye and limb movement velocity compared to no stimulation. With respect to coordinative aspects, we hypothesized that bilateral STN DBS, but not unilateral, would disrupt prefrontal and fronto-parietal processes, and that this would be evident as an increase in both eye and finger end-point error compared to no stimulation.
Methods
Subjects
This study was conducted with approval from the Rush University Medical Center and University of Illinois Institutional Review Boards, and informed consent from all subjects. Data was collected from ten patients (seven males; mean age 60.4 years SD ± 8.34) with advanced PD and bilaterally implanted electrodes in the STN. Patients were recruited from the Rush University Medical Center Movement Disorders Clinic. All patients were examined by a movement disorders neurologist and included in the study if they: met the UK PD Society brain bank clinical diagnostic criteria for PD (Hughes et al. 1992) , had successful response to STN DBS surgery, a score of 26 or greater on the Montreal Cognitive Assessment (MOCA) to rule out mild cognitive impairment (Nasreddine et al. 2005) , and presented with no eye movement abnormalities and other known neurological disorders. In addition, electrode placement in the sensorimotor area of the STN was confirmed by microelectrode recording from multiple kinesthetic cells. All subjects were right-handed and used their right hand to complete the sequential reach task. The Edinburgh Handedness Inventory was used to confirm hand dominance (Oldfield 1971) . Table 1 provides patient demographics including the Hoehn and Yahr scale (1967) , Levodopa equivalent daily dose (Tomlinson et al. 2010) , stimulator parameters, and clinical rating scores.
Experimental conditions
Data collection took place over 5 days. On the first day of testing, patients arrived while on treatment and were consented and acclimatized to the laboratory and experimental tasks. Patients performed the experimental task in four different stimulation conditions over the next 4 days (one stimulation condition per day): both stimulators off (DBS-OFF), right unilateral on (DBS-RIGHT), left unilateral on (DBS-LEFT), and both on (DBS-BILATERAL). Stimulators were turned off 3 h prior to testing, which provided sufficient time for the patient's condition to stabilize (Temperli et al. 2003) . Patients refrained from PD medications 12 h prior to testing. The order of testing conditions was randomized for the first five patients and this order was reversed for the last five patients. Figure 1 illustrates the participant schedule and the experimental tasks used.
Cognitive assessments
The cognitive assessments administered were used to determine if there were differential effects of STN DBS on cognition, as well as to determine if the outcomes of the sequential reaching task correlated with known measures of spatial working memory. The cognitive assessments administered were the Wechsler Memory Scale-4 (WMS-IV) flexible approach, the Stockings of Cambridge (SOC) test, and the spatial span (SSP) test. The WMS-IV flexible approach is a version of the WMS-IV with a shorter administration time and reduced motor demands (Wechsler 2010) . The WMS-IV flexible approach consisted of the logical memory test and the design test. The logical memory (LM) test assessed subjects' narrative memory, while the design (DE) test assessed content memory and spatial memory for unfamiliar visual material. The logical memory and design content and spatial test consisted of an immediate recall, a delayed recall, and a recognition trial. The immediate and delayed recall raw scores from each of the tests were used to calculate the respective scaled scores for the logical memory (LM I and II) and design content (DE content I and II) , and design spatial (DE spatial I and II) tests. LM I and II, designs content I and II, and designs spatial I and II were used as the primary outcomes for the WMS-IV flexible approach test.
The SOC is a spatial planning task (CANTABeclipse . On a touch screen monitor, the participant was shown two displays containing three colored balls. The display on the top row was the target display and the display on the bottom row was the display that the participant could move and manipulate. The participant was required to arrange the balls in the bottom display by moving them one at a time, such that it was identical to the target display. The primary outcomes used were minimum number of moves required to complete the task and the mean number of moves for a four-move problem. The SSP is a test that assesses visuospatial working memory capacity (CANTABeclipse ® [Cognitive assessment software] Cambridge Cognition 2012). On a touch screen monitor, the participant was shown randomly placed white squares. Some of these squares briefly changed color in a random sequence. After a tone that indicated the completion of trial presentation, the participant was required to touch the squares that changed color in the order that they were presented. The number of boxes that changed color progressed from 2 to 9. The primary outcomes used were spatial span length and the total number of errors.
Instrumentation for the sequential reaching task
The sequential reach task was conducted in a completely darkened room, seated upright on an adjustable chair, and with the chin on a chin rest to minimize head movement. Consequently, vestibular contributions to proprioception were minimized. Head and finger movements were captured with a 3-D motion capture system (Northern Digital 2018). Eye movements were captured at 500 Hz with a headmounted video-based eye-tracking system (SR Research 2018). An active infrared emitting diode was taped to the patient's index finger to track finger movements (Northern Digital 2018). Figure 2 shows the sequential reaching task. Three targets were presented to the subjects using a five-degree-of-freedom (DOF) robot arm (Thermo CRS 2018). An initial fixation light (3 mm green LED, 70 mcd) was situated 42 cm away from the subject. This served as the starting point for the subject's pointing motion. The robot presented targets (3 mm green LED, 70 mcd) in a plane that was 42 cm from the chin rest. Figure 2 illustrates the eye and finger traces.
Head, eye, finger, and robot movements were synchronized and stored using the Motion Monitor system (Innovative Sports Training 2010).
Protocol
Each testing session began with the administration of the WMS-IV Flexible Approach, the SOC, the SSP, and The Movement Disorders Society-Unified Parkinson's disease Rating Scale, motor subscale (MDS-UPDRS III) (Goetz et al. 2008) , followed by the sequential task.
Subjects performed the sequential reach task in complete darkness to eliminate visual cues or other visual stimuli. The sequential reach task began with subjects fixating on the central fixation light (0° visual angle) with their finger on the fixation stand. This was done to ensure that the finger and the eye focal point were at the same location. With the central fixation still lit, the robotic arm flashed three sequential targets in the subjects' visual field. The duration of target presentation and the duration between each target presentation were 1000 ms. Targets were located on a circle with a 10 cm radius. The horizontal target was located at 0°, the diagonal target was located at 45°, and the vertical target was located at 90°. During the encoding phase, subjects were asked to look at each target as it was presented, and to remember their location and the order in which they appeared. After a 2000 ms delay, the central light fixation was extinguished for 100 ms and then lit again. This served as the cue for subjects to initiate pointing to the remembered sequential targets. The central fixation light stayed on for 5000 ms as the subjects executed the pointing movement. When the pointing movement was completed, subjects returned their finger to the central fixation stand. Targets were presented in random order. Subjects performed one block of 30 trials for each of the stimulation conditions. The first five trials were practice trials and were discarded.
Analysis
The data were analyzed using a custom Matlab script (The MathWorks 2014). A 20 Hz low-pass second-order, zerophase Butterworth filter was applied to the eye and finger position signals. The filtered position data were then differentiated to calculate velocity.
The following procedure was used to determine eye error. First, saccade fixation end-points to the three targets were visually marked. From each of the three visually determined saccade end-points, an algorithm searched backwards to determine the first peak in the saccade velocity profile. This peak was associated with the saccade that brought the gaze to the target location. Thus, time points corresponding to these three peaks were established. Next, for each of these peaks, the algorithm searched forwards to detect the first time point when saccade velocity went below 5% of peak velocity and stayed below this threshold for 200 ms. The first time point when this condition was met was designated as the point in time when the subjects' eyes fixated on the targets and was defined as the eye end-point. Next, for the first peak, the algorithm searched backwards to detect the first time point when saccade velocity went below 5% of peak velocity and stayed below this threshold for 200 ms. The first time point when this condition was met was designated as the onset of the first saccade. The difference between this point in time and the cue to initiate the movement was defined as the eye latency. The same process was used to determine finger end-points and finger latency. Once the locations of eye and finger end-points were determined, error was calculated by subtracting the values of these locations from the values of the corresponding target locations. Error The sequential reaching task is divided into the encoding and executing phase. The subject starts the encoding phase with the eyes fixated on the fixation LED (solid central circle) and the finger immediately below the fixation LED. The subject then moves his/her eyes to the target LED (solid peripheral circle) as it is presented thereby visually encoding target location and sequence. This is followed by the execution phase where the subject looks and points to the remembered targets (unfilled circles) and then returns to the central fixation LED. Below that, the timing of the fixation LED (Fix LED)and target LED (Tar LED) onsets is shown with an example horizontal and vertical eye position (Hor Eye Pos, Ver Eye Pos), tangential eye velocity (Tan Eye Vel), horizontal and vertical finger position (Hor Fing Pos, Ver Fing Pos), and tangential finger velocity (Tan Fing Vel) was calculated only in the vertical and horizontal dimensions for eye movements, because our analysis was confined to eye movements in the target plane. Error was calculated in all three dimensions for the finger end-points.
The magnitude of eye error was calculated using the following equation:
The magnitude of finger end-point error was calculated using the following equation:
Statistical analysis
MDS-UPDRS III
A mixed-effect regression model was used to determine differences in the MDS-UPDRS III as a function of stimulation condition. The fixed effect was stimulation condition (DBS-OFF, DBS-LEFT, DBS-RIGHT, and DBS-BILATERAL). The random effect was subject. If the omnibus F test was significant for condition, then post-hoc pairwise comparisons were performed using t tests.
Cognitive assessments
Preliminary analyses revealed that few of the cognitive outcomes met the distributional assumptions for parametric testing. To be consistent across all cognitive outcomes, Friedman's test was performed as the omnibus test to address the effect of stimulation condition on all cognitive outcomes. If the omnibus test was significant for condition, the Wilcoxon signed-rank test was used to conduct post-hoc pairwise comparisons.
Sequential reach
Each of the sequential reach outcomes were subject to a mixed-effect regression model. The fixed effects were stimulation condition (DBS-OFF, DBS-LEFT, DBS-RIGHT, and DBS-BILATERAL). The random effect was subject. In addition, for the eye and finger end-point error outcomes, peak gaze velocity and peak finger velocity were used as time-varying covariates in our respective mixed-effect regression models. This was done, because first, there is a well-known speed accuracy trade-off, i.e., faster movements are likely to be associated with greater errors. Second, it is also established that STN DBS is very effective at improving movement speed. Therefore, we wanted to control for
Finger end point error magnitude
any differences in velocity as a consequence of stimulation condition that might contribute to increase in error. If the omnibus F test was significant for condition, then post-hoc pairwise comparisons were performed using t tests. All statistical analyses were performed using SAS™ (version 9.4; SAS Institute, Cary, NC). All statistical tests were two-sided, critical alpha was 0.05, and P values associated with all pairwise comparisons were corrected using the Bonferroni method.
Results
Substantial variability in disease duration and motor impairment was observed, as shown in Table 1 . The age was 60.4 ± 8.3 years (mean ± SD), disease duration (14.1 ± 7.2 years), Levodopa equivalent daily dose (473 ± 430 mg/day), and MDS-UPDRS III (DBS-BILAT-ERAL, 29.8 ± 10.5).
Clinical measures: MDS-UPDRS III
Compared to DBS-OFF, DBS-LEFT (estimated mean difference, − 16.2; P < 0.001), DBS-RIGHT (− 11.4; P = 0.009), and DBS-BILATERAL (− 29.7; P < 0.001) significantly reduced the MDS-UPDRS III. DBS-BILATERAL reduced the MDS-UPDRS III to a greater extent than DBS-LEFT (13.5; P = 0.002) and DBS-RIGHT (18.3; P < 0.001). The significant reduction in the MDS-UPDRS III is consistent with electrode placement within the STN.
Cognitive assessments
The effect of stimulation on cognitive outcomes There were no differences between stimulation conditions on any of the WMS-IV flexible approach, the SOC, and the SSP measures (Table 2) .
Sequential reach
Eye and finger latency DBS-RIGHT significantly increased eye latency compared to DBS-OFF (0.05 s; P = 0.01, Fig. 3a) . No other differences were observed. DBS-RIGHT significantly increased finger latency compared to DBS-OFF (0.06 s; P = 0.01), DBS-LEFT (0.06 s; P = 0.01), and DBS-BILATERAL (0.05 s; P = 0.04) (see Fig. 3b ). No other differences were observed. Figure 4a shows eye velocity for the DBS-OFF, DBS-LEFT, DBS-RIGHT, and DBS-BILATERAL conditions during the execution of the sequential reach. DBS-LEFT (0.09 m/s; P < 0.001), DBS-RIGHT (0.07 m/s; P = 0.009), and DBS-BILATERAL (0.23 m/s; P < 0.001) significantly increased eye velocity relative to DBS-OFF. Relative to DBS-BILATERAL, eye velocity was significantly slower during DBS-LEFT (− 0.14 m/s; P < 0.001) and DBS-RIGHT (− 0.16 m/s; P < 0.001).
Eye and finger velocity
Peak finger velocity was significantly faster during DBS-LEFT (0.06 m/s; P < 0.001) and DBS-BILATERAL (0.05 m/s; P < 0.001) relative to DBS-OFF (Fig. 4b ). There were no differences in finger velocity between DBS-RIGHT and DBS-OFF (0.01 m/s; P = 0.08; only the right hand was tested). Compared to DBS-BILATERAL, finger velocity was similar during DBS-LEFT (0.01 m/s; P = 0.86) and significantly slower during DBS-RIGHT (− 0.06 m/s; P < 0.001).
Eye and finger end-point error covarying (adjusting) for velocity
There were no differences in eye error during execution when adjusting for differences in velocity between stimulation conditions (Table 3 ; Fig. 5a ).
Finger end-point error adjusting for differences in velocity was significantly greater during DBS-LEFT (0.003 m; P = 0.01) and DBS-BILATERAL (0.006 m; P < 0.001) compared to DBS-OFF (Fig. 5b) . However, there was no difference in finger end-point error adjusting for differences in velocity between DBS-OFF and DBS-RIGHT (0.002 m; P = 0.53) and no difference between DBS-RIGHT and DBS-LEFT (0.001 m; P = 0.93). Compared to DBS-BILATERAL, finger end-point error adjusting for differences in velocity was significantly lower during DBS-LEFT (− 0.003 m; P = 0.02) and DBS-RIGHT (− 0.004 m; P < 0.001).
Relationship between cognitive outcomes measuring spatial memory and pointing error
To obtain accurate estimates of correlations, we used SAS Proc Mixed and treated the variables as repeated measurements that were linked as suggested by Hamlett et al. (2003) . We did this, because the variables were repeated measurements derived from the same person under four different stimulation conditions. The correlation between pointing error and the designs spatial immediate recall was significant (r = − 0.32; P = 0.03). The negative correlation observed for Designs Spatial Immediate recall indicates that improved performance on spatial memory tests was moderately associated with reduced pointing error. This correlation falls in the moderate-to-substantial range as defined by Cohen (1988) and implies that pointing error is associated with spatial memory.
Discussion
We investigated the effects of unilateral (DBS-LEFT and DBS-RIGHT) and bilateral (DBS-BILATERAL) STN DBS on eye and limb latency, velocity, and accuracy during a memory-guided sequential reach task. STN DBS had very little effect on eye and limb latency which is consistent with previous literature showing a lack of an effect of STN DBS on the latency of visually-guided reaches to a single target (Mirabella et al. 2012 . Our findings with respect to intensive aspects of movement supported our hypothesis, i.e., DBS improved eye and finger velocity. Our findings with respect to coordinative aspects of movement, i.e., end-point error adjusting for differences in velocity, partially supported our hypothesis. Eye end-point was unaffected by STN DBS, while finger end-point error was adversely affected, especially during DBS-BILATERAL.
Intensive aspects of movement
In general, STN DBS improves intensive aspects of eye and limb movements relative to DBS-OFF. These findings are consistent with several previous studies (Lohnes and Earhart 2012; Vaillancourt et al. 2004 Vaillancourt et al. , 2006 . More specifically, we found that unilateral STN DBS increased eye velocity and that DBS-BILATERAL increased eye velocity to an even greater extent (Fig. 4a) . Similarly, we found that DBS-LEFT increased limb velocity and that DBS-BILATERAL increased limb velocity to an even greater extent (Fig. 4b) . These findings are also in line with the previous studies, showing that bilateral STN DBS improves certain motor processes to a greater extent than unilateral STN DBS (Bastian et al. 2003; Kumar et al. 1999) . Finally, as expected, DBS-RIGHT had no effect on right (ipsilateral) limb velocity.
Coordinative aspects of movement
The memory-guided sequential reaching task requires the subject to first identify and encode the location and sequence of the targets, then maintain the location and sequence of targets in memory until cued to point to the memorized targets. Given that the analyses of end-point error are adjusted for differences in velocity, velocity as a contributor to error is statistically eliminated. Therefore, it follows that the increase in finger end-point error during DBS-BILATERAL may have arisen from DBS-induced alterations in target location encoding, spatial memory, and/or the planning and execution of the limb movement to the target. We will discuss each of these options in turn.
Target location and spatial memory
Relative to DBS-OFF, STN DBS did not affect eye error during execution of finger pointing (Fig. 5a ). Patients were able to retrieve target location from memory to generate spatially accurate eye movements. These results suggest that STN DBS did not affect the spatial memory function involved with the task. Furthermore, the cognitive tests that were specifically sensitive to aspects of spatial memory function showed no adverse effect of stimulation on performance. Taken together, we can conclude that STN DBS did not interfere with the spatial memory components of the memory-guided reach task.
Planning and execution of reach to targets
The planning and execution of reaching movements rely on both visual and proprioceptive information during both feedforward and feedback control processes (Medina et al. 2009; Sarlegna and Sainburg 2009) . Feedforward mechanisms are responsible for the initial ballistic phase of the reach (Medina et al. 2009 ) and include a transformation from an extrinsic plan (i.e., trajectory of movement) guided primarily by the visual system to an intrinsic movement plan (i.e., muscle activation pattern) guided primarily by the proprioceptive system (Sarlegna and Sainburg 2009) . Feedback mechanisms utilize sensory information to control the terminal stage of the reach (Medina et al. 2009 ). It should be noted that in the current study, only proprioceptive information was available for closed-loop control of the terminal stage of reaching, because the reaching movements were performed in total darkness. The increase in finger endpoint error during DBS-BILATERAL may have arisen from a disruption in feedforward and/or feedback mechanisms.
Feedforward mechanisms With respect to the feedforward mechanisms underlying reach, the previous work supports the idea that the kinematics of the reach (i.e., trajectory) are initially planned in extrinsic visual space and then transformed into an intrinsic kinetic plan that is used to send motor commands to the muscles (Sarlegna and Sainburg 2009) . Whereas visual information is critical to the extrinsic planning of the reach, proprioception is critical for the transfer to an intrinsic plan that will dictate the appropriate force output patterns to achieve the kinematic goal (Sarlegna and Sainburg 2009 ). Furthermore, the transformation from the extrinsic kinematic plan to the intrinsic kinetic plan first requires a transfer between an eye-centered coordinate system to a limb-centered coordinate system. The increase in finger end-point error during DBS-BILATERAL may have arisen from disruptions in one or more of these feedforward processes. It is unclear whether or not DBS affects visual processes involved with extrinsic space planning and/or proprioceptive processes underlying intrinsic mechanisms of the reaching. As discussed in the following paragraph, it is also possible that the increase in finger end-point error during DBS-BILATERAL resulted from disruptions in the transfer between the eye-centered and limb-centered coordinate systems. It has been proposed that the posterior parietal cortex (PPC) is involved with the transformation from visual target locations to hand-centered coordinates (Batista et al. 1999; Buneo et al. 2002) . It is possible that DBS-BILATERAL interferes with sensorimotor transformations of this area.
Although there are no known projections between the basal ganglia and PPC, the previous studies have shown that DBS-BILATERAL alters the activity in the PPC (Hilker et al. 2004; Trost et al. 2006; Vafaee et al. 2004 ). However, there were no simultaneous neurophysiological recordings performed during the current study to determine if STN DBS alters PPC activity during a memory-guided sequential reaching task. Alternatively, it has also been proposed that a direct sensorimotor transformation occurs in the premotor dorsal cortex (PMDc) (Graziano 2006; Pesaran et al. 2006 ). Neuronal activity in the PMDc encodes the spatial relationships between the target and eye, the target and hand, and the eye and hand, suggesting that multiple coordinate frames are represented in the PMDc (Graziano 2006) . Considering the known projection from the PMDc to the STN (Nambu et al. 1997) , it is also possible that DBS-BILATERAL could be interfering with the transformation between eye-and handcentered coordinates in the PMDc via antidromic stimulation of its projections to the STN. However, it is also known that the PMDc is involved with reactive inhibition (Mattia et al. 2012 (Mattia et al. , 2013 Mirabella et al. 2011) , and several studies have shown an improvement in reactive inhibition during STN DBS (Mirabella et al. 2012 Swann et al. 2011; van den Wildenberg et al. 2006) . If, indeed, STN DBS is antidromically affecting the PMDc, this differential effect on tasks could be explained by the differential oscillatory patterns associated with various tasks. For instance, changes in beta band oscillatory activity have been associated with motor preparatory processes, while changes in alpha band oscillatory patterns have been associated with reactive stopping (Pani et al. 2014) . It is, therefore, plausible that highfrequency stimulation of the STN could improve one PMDc process while impairing another.
Feedback mechanisms In the current study, the terminal stage of reaching involves feedback mechanisms that solely depend on proprioceptive feedback, because the reaching movements are performed in total darkness (Medina et al. 2009 ). The goal of the terminal stage is to move the finger to the memorized target location. Proprioceptive feedback about arm configuration, specifically finger position, must be compared to the target location held in memory. It is possible that STN DBS interferes with these proprioceptive processes. It should be noted that, if STN DBS was in fact interrupting proprioceptive processing, this interference would also affect feedforward processing, since proprioception is also necessary for the transformation from an extrinsic kinematic plan to an intrinsic kinetic plan (Sarlegna and Sainburg 2009) . Our data does not provide enough information to determine whether STN DBS interfered with proprioceptive processing in the current task, but the previous work suggests that bilateral STN DBS may actually improve proprioception (Lee et al. 2013) . Lee et al. (2013) investigated the effects of bilateral STN DBS on reaching to proprioceptively defined targets in PD and found that stimulation significantly reduced localization errors. In contrast to the task in the current study, the reaching task utilized did not involve transfer between coordinate systems. Whereas our subjects encoded target location with vision and then executed the reach with proprioception, the subjects in the Lee study both encoded and executed the reach with proprioception. Furthermore, the subjects in the Lee study were on anti-parkinsonian medication which may have contributed to the results. Due to the fact that we did not measure proprioception directly, we cannot eliminate the possibility that bilateral STN DBS interfered with proprioceptive processes underlying the memory-guided sequential reach. Future work should investigate whether STN DBS has an effect on proprioception, while patients are withdrawn from their anti-parkinsonian medication.
Unilateral stimulation: compensation from the non-stimulated side
Although we found that DBS-LEFT increased finger endpoint error relative to OFF, this error was no different from DBS-RIGHT and was significantly lower than the error during DBS-BILATERAL (Fig. 5b) . The disruption in finger end-point control manifested itself most when DBS-BILATERAL was used. As previously discussed, one possibility is that while high-frequency stimulation (≥ 130 Hz) improves motor function, this high frequency could disrupt prefrontal processes (Hershey et al. 2008 ). The STN is a common node in the motor and cognitive networks and STN DBS differentially affects the motor and cognitive network (Alhourani et al. 2015) . While high frequency facilitates the motor network, the same high frequency could be disruptive to the cognitive network. During unilateral stimulation, prefrontal regions in the non-stimulated side could compensate for this 'cognitive' disruption from the stimulated side and reduce end-point error.
Conclusion
The current study extends the previous work that has shown that bilateral STN DBS improves intensive parameters of movement such as velocity (Table 3 ; Fig. 4 ), but also may impair coordinative aspects of movement that affect spatial error (Table 3 ; Fig. 5 ). Our findings, along with those previously reported (Alberts et al. 2008; Goelz et al. 2017) , supports the idea that bilateral STN DBS may facilitate basalganglia function with respect to the control of intensive aspects of movement but may disrupt basal ganglia function with respect to coordination. This idea is quite consistent with the previous suggestions that the basal ganglia are involved both in gain control (Prodoehl et al. 2009; Spraker et al. 2007 ) and also in coordination (Hening et al. 2009; Mosier et al. 2011; Schettino et al. 2006; Snider et al. 2014) . Future work should investigate the neural patterns underlying these differential effects induced by bilateral DBS in addition to studying the effect of STN DBS on reaching tasks designed to measure proprioception. This work will provide a better insight into some of the disruptive effects of bilateral STN DBS on motor programming and execution in patients with PD.
